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We analyze the preference of various types of misfit dislocation (MD) formation in
film/substrate k-Ga203/0-A1203 and k-(AliGaix)203/k-Al203 heterostructures. We con-
sider two possibilities for variation in films growth orientation (defined by inclination an-
gle 9) for these heterostructures with inclination axes about either [100] or [010] crystal-
lographic directions. We study dependences of the critical film thickness for MD formation
on the inclination angle 9 for heterostructures under consideration. We find the presence
of two special orientations (8 ~ 26° for [100] heterostructure, $ ~ 28° for [010] heterostruc-
ture, and 3 =90° for both inclination types) of k-Ga:0s/a-Al2O3 heterostructures, for
which the formation of MDs is energetically unfavorable. We show that formation of pure
edge MDs is easier for [010] k-(Al:Gai-+)203/k-Al203 heterostructures than for [100] het-

erostructures, and it is vice versa for mixed MDs in these heterostructures.
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1. INTRODUCTION

Gallium oxide (Ga,0O3), one of the ultra-wide bandgap
semiconductors, has attracted much attention in recent
years due to great prospects in power electronic devices
including those for space and nuclear industries, photoe-
lectric converters for the ultraviolet region, high-power ra-
dio frequency devices, gas sensors, etc. [1-3]. An im-
portant feature of Ga;Os is the possibility of its existence
in various polymorphic forms: stable monoclinic B-phase,
and metastable a-, y-, k-, - and d-phases with their spe-
cific characteristics and benefits [4—8]. The metastable
hexagonal €-Ga,Os is of particular interest due to its favor-
able growth features and great compatibility with common
substrates and the possibility of polarization engineering
endowed by its polar nature [9]. Early reports investigated
a hexagonal P6smc structure for e-Ga,0Os, while recent in-
vestigations identified its orthorhombic structure in the
Pna2, symmetry group, denoted as k-Ga;Os [10,11]. The
pseudohexagonal structure of e-phase consists of 120°

rotational orthorhombic k-Ga;O3; domains. However, until
now, some works indicate the possibility of the existence
of pure e-phase [12]. Despite the ongoing debate about the
real structure of the considered phase, most scientific
groups tend to consider the phase as composed of 3-fold
rotational orthorhombic domains with disordered domain
boundaries [10,11,13,14]; the single-domain orthorhom-
bic structure of this phase has been recently demon-
strated [3,15]. Therefore, in this work, we will consider
this phase as k-Ga,O3 with the orthorhombic crystal struc-
ture Pna2;.

The heterostructures based on k-Ga,Os3 are success-
fully used in solar blind photodetectors [16], powerful
Schottky diodes [17], and in high-frequency applica-
tions [18]. Unfortunately, the characteristics of these de-
vices are limited by the crystal quality of the k-Ga,O3
film/layer/heterostructures, which are characterized by a
high dislocation density that ranges from 5.2x107 to
1.4x10" cm™ [3,19]. Such a wide scatter in the value of
the dislocation density can be due to the insufficient
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Fig. 1. Schematics of the film/substrate heterostructure with selected coordinate systems that are used in the calculations. Frame
(a) shows heterostructure with inclination axis about [100] crystallographic direction for k-Ga203/x-Al20s (i.e., about [2 T10] for
a-Al203); frame (b) shows heterostructure with inclination axis about [010] crystallographic direction for k-Ga203/x-Al203 (i.e.,
about [1210] for a-Al203). 9 is the angle between the c-axis (Z-axis) of k-Ga203 and the normal one to the film plane (Z'-axis).
Blue surfaces show (001) crystallographic plane of k-Ga203. Red, blue and purple arrows show the direction of Burgers vector b
along [110], [010] and [100] crystallographic directions, respectively. Dash-dotted lines indicate dislocation lines (DLs).

knowledge on the optimal parameters of the heterostruc-
ture, including substrate material, crystallographic orien-
tation of the substrate, film thickness, etc. in order to grow
k-Ga03 with the minimum possible number of defects. In
this work, we propose a theoretical model that allows to
find the critical conditions of the system for the formation
of misfit dislocations (MDs) in k-Ga;Os3/a-Al,O; and
Kk-(Al:Gajx)203/k-Al,0O3 heterostructures.

2. MODEL

Similarly to the approach described in Refs. [20-25], we
consider a film/substrate k-Ga>O3/Al,O3 heterostructure
with thin film and MDs formed at the interface (Fig. 1).
Since the film consists of the k-Ga,Os3, it is possible to as-
sume the following variation in heterostructure growth
orientations with minimal mismatch between k-Ga;O;
film and a-Al,Oj; or k-Al,Oj3 substrate: (i) heterostructure
with inclination axes about < 100 >-type crystallographic
directions for k-Ga,0s3/k-AlLO; (i.e. about <2110> for
a-ALO3), see Fig. 1a, and (ii) heterostructure with inclina-
tion axes about < 010 >-type crystallographic directions
for k-Ga,03/k-Al,0s (i.e. about < 1100 > for a-ALO3), see
Fig. 1b. The inclination angle is given as 9 in Fig. 1.

In general, the MDs formed at the heterointerface as a
result of stress relaxation process are mixed dislocations,
which have both edge and screw Burgers vector compo-
nents. The Burgers vectors (colored arrows) and disloca-
tion lines (DLs; colored dash-dotted lines) of such MDs
are shown in Fig. 1. Red, blue and purple arrows corre-
spond to Burgers vector along [111], [010] and [100]

crystallographic directions, respectively; DLs are parallel
to inclination axes. In this work, we consider only mixed
and pure edge MDs; pure screw MDs do not contribute to
the misfit stresses relaxation in the case of a biaxial stress-
strain state under consideration [26].

Our model, which describes the critical conditions for
the MDs formation in k-Ga)Os/0-ALO; and k-GayOs/
k-AlLOs heterostructures, is based on the Matthews-
Blakeslee (M-B) approach [27,28]. For the elastically semi-
isotropic case, the M-B approach gives the simplified ex-
pression for finding the critical thickness 4. for MD for-
mation [20]:

_ bl (2h,
&, (1+v)87h, ’

M

)

where €, is the component of the lattice mismatch re-
leased by MDs; v is Poisson ratio (v = 0.3 in our calcula-
tions); 5, and b, are the projections of the edge component
of the dislocation Burgers vector parallel and perpendicu-
lar heterointerface, respectively, and b, is the magnitude
of the screw component of the dislocation Burgers vector;
7, is the dislocation core radius parameter. The magnitude
of the Burgers vector b is related to the components:
b* =b +b] +b.

The anisotropy of the film and substrate materials is
considered in the parameter €, which takes the following
form:
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Fig. 2. Dependences of the critical thickness /4, on the inclination angle 9 for k-Ga203/a-Al20;3 heterostructures. Frames (a) and (b)
show dependences for heterostructures with inclination axes about [2 T10] and [ 1100] crystallographic direction of a-AL>Os substrate,
respectively. Red, blue and purple curves describe the cases of MDs with Burgers vector b along [110], [010] and [100] crystallographic
directions, respectively. Bullets indicate /. values for various growth planes of the a-Al2O3 substrate.

for k-Gax0s/a-AlO; heterostructure with inclination axis
about [100] crystallographic direction of the film or
[2110] crystallographic direction of the substrate;
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for heterostructure k-Ga,O3/a-Al,O3 with inclination axis
about [010] crystallographic direction of the film or
[1100] crystallographic direction of the substrate;
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for k-Ga,03/x-Al,0O3 heterostructure with inclination axis
about [100] crystallographic direction;
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for heterostructure k-Ga,03/k-Al,O3 with inclination axis
about [010] crystallographic direction a, g, o 5 Degao0,>
CGa,0, > %a-A1,0, > Caalo, > a0, > bK-A|203 > Cralo, A€ the crys-
tal lattice parameters of k-Ga;O3, 0-Al,O; and k-Al,Os;
their values are given in Table 1.

The possible orientations of the Burgers vector are cho-
sen based on the crystal structure of k-Ga;Os such as paral-
lel to [100], [010] and [110] crystallographic directions. In
the case of the heterostructures with inclination axis [100],
the projections of the Burgers vector have the form:

b[100]: b, =d g0 b =0, b, =0,
B[010]: b, =0, b =b.g0, 089, b, =b g, sin,

b[110]: b, =a, g, 0, B =bega0, €08,
b = bK_Ga203 sin 9, (6)
and in the case of the heterostructures with inclination axis

[010], the projections of the Burgers vector have the form:

b[100]: b, =0, b =a,G, 0, c08Y, b =-a g, sind,

b [010] bs =bK-G3203 ’ bH = 07 bJ_ :0,
b[110]: b, =b g 0,» B = g0, €OS I,
bL = _aK-GaZO3 Sil’l S (7)

3. RESULTS AND DISCUSSION

Figure 2 presents the calculated dependences of the criti-
cal film thickness 4, for the formation of various types of
MDs on the inclination angle 9 for k-Ga;O3/a-Al,O3 het-
erostructures. A feature of these dependences is the

Table 1. Crystal lattice parameters of materials under consider-
ation.

Lattice parame- k-Ga203[29] a-AlO3[30] «k-ALOs[29]
ters (A) Pna2, R3c:H Pna2,

a 5.078 4.761 4.848

b 8.706 4.761 8.323

c 9.308 12.996 8.944
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Fig. 3. Dependences of the critical thickness /. on the inclination angle 9 for k-(Al:Gai-+)203/k-AL203 heterostructures. Frames (a) and
(b) show dependences for heterostructures with inclination axes about [100] and [010] crystallographic direction of k-Al2O3 substrate,
respectively. Solid, dashed and dash-dotted curves correspond to the value of Al composition x =0, 0.2, and 0.4 respectively.

presence of two special orientations of heterostructures in
which the formation of MDs is energetically unfavorable.
First special case takes place at $ ~ 26° (for heterostruc-
ture with inclination axis about [ZTTO]) and 9 ~ 28° (for
heterostructure with inclination axis about [1100]); for-
mation of MDs is impossible in such oriented heterostruc-
tures due to vanishing of ¢, because of the values of
k-Ga;0; and a-Al,Os; crystal lattice parameters (see
Egs. (2)—(5) and Table 1). Second special case takes place
at 3=90°; formation of MDs becomes impossible, be-
cause there is no component of MDs Burgers vector con-
tributing to the energy release during relaxation pro-
cess [20-22,25]. These facts suggest that the use of
substrates oriented in a certain way, for example, the use
of a-Al,Os substrates with traditional (a-plane, m-plane)
and exotic [(1017), (1016), (21111), (2119), etc.]
growth planes, will make it possible to grow k-Ga,O3
films with a low density of MDs.

As can be seen from Fig. 2, formation of pure edge
MDs with b[100] and b[010] is energetically favorable
(takes place at lower values of film thickness) than for-
mation of mixed MDs with 5[110]. However, in the case
of heterostructures with inclination axis about [2110]
crystallographic direction, the difference in thickness is
insignificant (see Fig. 2a).

Due to similar crystal structure of k-AlO; and
k-Ga;03, we analyze dependences of the critical thickness
h, on the inclination angle 9 for MDs formation in
K-(AlyGai_+)203/k-ALLO3 heterostructures with various Al
composition x; see Fig. 3. Solid, dashed and dash-dotted
curves correspond to x =0, 0.2, and 0.4, respectively. An-
alyzing these dependences, one can conclude that an

increase in Al composition leads to an increase in the crit-
ical thickness for MDs formation. Despite the change in
the Al composition, the formation of a pure edge MDs is
energetically favorable than the formation of a mixed
MDs in the considered heterostructures. Formation of pure
edge MDs is easier in heterostructures with inclination
axis about [010] crystallographic direction than in hetero-
structures with inclination axis about [100] crystallo-
graphic direction, and this is vice versa for mixed MDs.

4. CONCLUSIONS

The analytical model that describes critical conditions for
pure edge and mixed MDs formation in film/substrate het-
erostructures with various growth orientations has been
modified for k-Ga>Os/a-Al,03 and k-(ALGai)203/k-ALO;3
heterostructures. Based on the symmetry of the crystal lat-
tice of k-Ga»Os, we consider two possibilities for variation
in growth orientations of the film in k-Ga,O3/a-Al,O3 and
K-Gax03/k-Al0s heterostructures with inclination about ei-
ther [100] or [010] crystallographic directions. Analytical
expressions that describe the component of the lattice mis-
match released by MDs have been proposed for heterostruc-
tures under consideration. It has been shown that for
Kk-Ga,03/k-Al,03 heterostructures there are two special ori-
entations, for which the formation of MD is unfavorable: (i)
standard orientation at 3 =90°, which is explained by the
fact that there is no component of MDs Burgers vector con-
tributing to the energy release during relaxation process; (ii)
exotic orientation at 3 ~ 26° (for heterostructure with incli-
nation axis about [100] crystallographic direction of the
film, or about [2110] crystallographic direction of the
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substrate), and at 9 ~ 28° (for heterostructure with inclina-
tion axis about [010] crystallographic direction of the film,
or about [1100] crystallographic direction of the substrate)
that is explained by vanishing of the component of the lat-
tice mismatch released by MDs due to features of k-Ga,O3
and a-ALO; crystal structure.

Calculations for k-(AliGai)>03/k-Al,O3 heterostruc-
tures have demonstrated that an increase in Al composi-
tion x leads to an increase in the critical thickness for MDs
formation. Formation of mixed MDs is easier in hetero-
structures with inclination axis about [100] crystallo-
graphic direction than in heterostructures with inclination
axis about [010] crystallographic direction, and this is vice
versa for pure edge MDs.
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YK 548.4

Pesrakcanusi HAanpsi2keHUH 32 c4eT 00pa3oBaHUS JUCIOKAIUNA B OPTO-
pomoOn4yeckux miaeHkax Ga>0s, mojry4eHHbIX Ha MOAJI0KKaX Al2O3

A.M. Cmupnos!, A. 0. UBanos!, A.B. Kpemaesa!, IILII. [llapoduaunos?, A.E. Pomanos'?

! THCTUTYT NEPCIIEKTHBHBIX CHCTEM Tlepenaun JaHHbx Yauepcutera U”TMO, Kponsepkekuii nip., 1. 49, nmut A, Cankr-TletepOypr
197101, Poccus
2 Cekrop TBepaoTenbHoit anekrponnku ®TU um. Uodde PAH, yi. IMonurexundeckas, 1. 26, Cankr-IlerepOypr, 194021, Poccus
3 Cexrop teopuu TBepaoro tena ®TH um. Modpde PAH, yi1. onurexuuueckas, 1. 26, Cankr-IlerepOypr, 194021, Poccus

AnHoTanms. [Ipoanann3upoBaHa NpeanoOYTUTENFHOCTh 00pa30BaHMsl Pa3IMYHBIX THIIOB AucIoKanuil HecooTBercTBus ([{H) B rere-
POCTPYKTYpax THHA IUIeHKa/mooxka K-Ga203/0-Al0s 1 k-(AlyGai—)203/k-Al203. PaccMOTpeHbI 1BE BO3MOXKHbBIE OPHEHTALMU PO-
CTa IUICHOK, OIpeeIIAeMbIe YIJIOM HAKJIOHA ¥, B YIIOMSHYTBIX BBILIE IT€TEPOCTPYKTYPaxX ¢ OCSMHU HAKJIOHA OTHOCHTEIBHO KPUCTAJLIO-
rpaduueckux Hanpasnenuid [100] wmu [010]. MccnenoBansl 3aBUCUMOCTH KPUTHYECKOW TOJIMHBI IUICHKK OT yTJia HAKJIOHA 9 MPU
3apoxkaernu JIH B paccMaTpuBaeMbIX reTepOCTPYKTypax. YCTAaHOBJICHO HalIW4YUe ABYX OCOOBIX opueHTauuit (9 ~26° mis rerepo-
ctpyktypsl [100], 3 ~ 28° mis rerepoctpykryps [010] u § = 90° i 060oux THIIOB HakJIOHA) reTepocTpyKTyp K-Gax03/a-Al20s, npu
KoTOphIX oOpasoBanue J{H sueprerudecku HeBbironHo. [lokaszaHo, uto B rerepoctpykrypax [010] k-(AL:Gai«)203/k-Al203 obpa3oBa-
Hue KkpaeBbIx JH mpeamoururensHee, ueM B rerepoctpykrypax [100], a nus cmemannsix JJH — Hao6opoT.

Kniouesvie cnosa: TeTepoCTpYKTYpbI THIA IUICHKA/TIOATI0XKKA; OKCHJL FAJUINS; OPUSHTALUS POCTA; AUCIOKALIME HECOOTBETCTBHS
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